Abstract: Two eight-story wood-framed residential buildings with the Swedish 2012 passive house standard were built in 2009 in the Portvakten Söder quarter in the city of Växjö in Sweden. In this paper, we present the monitored specific energy use of the buildings and compare to the requirements of the Swedish building code and recommendation for passive houses. We also estimated the primary energy use and CO2 emissions and investigated the tenants' views and experiences of the two buildings. Results show that the actual specific energy use of 40.2 kWh/m 2 Atemp/year in the Portvakten Söder building fulfills, by a good margin, the requirements of the Swedish building code and the recommended passive house standard, but is higher than projected. Applying a marginal perspective, the calculated primary energy use and carbon dioxide emission from operating the buildings (excluding household electricity) was 40 kWh/m 2 Atemp/year and zero, respectively. Responses of 20 tenants to a mail-in questionnaire survey showed that over 90% were satisfied with their apartments.
Introduction
In the quest for reducing energy use and mitigating climate change, increased attention is paid to the energy efficiency of the building sector, which accounts for about 40% of the final energy use in Europe. The European Union's Energy Performance of Buildings Directive (EPBD) in 2010 requires that the Member States must establish and apply minimum energy performance requirements for new and existing buildings and also requires the Member States to ensure that by 31 December 2020, all new buildings are nearly zero-energy buildings. To fulfill the first requirement, Sweden has introduced the "specific energy use" concept in its building code. Specific energy use is the purchased energy for space heating, hot water, comfort cooling and facility electricity to operate the building, including that which is used in common areas. In other words, specific energy use is the purchased energy use excluding electricity for household purposes. The building codes (BBR) from 2006 onwards have set verifiable maximum specific energy use levels for new residential buildings. The values for the year 2014 are reported in Table 1 . Construction of low energy houses, such as passive houses, is also increasingly promoted in Sweden. For example, the Lågan program is a collaborative project between the Swedish Construction Federation, the Swedish Energy Agency, Region Västra Götaland, Formas and others to support (including financially) the development of very low energy buildings in Sweden. The recommended standards for the passive houses have been developed by the Forum för energieffektiva byggnader (FEBY) [1] , and the values for the year 2012 (FEBY 2012) are also presented in Table 1 . Note: A temp is the indoor floor area with a minimum temperature of 10 °C.
The Swedish residential and service sector accounted for about 38% of the national final energy use in 2011, 60% of which was used for space heating and hot water purposes [2] . The Swedish policy aims to reduce specific energy use in buildings by 50% by 2050 [3] compared to 261 kWh/m 2 in 1995 [4] . Increased construction of high energy standard buildings, such as passive houses, contributes to achieving this goal, as they significantly reduce the operational phase energy use, but at the cost of increased energy use to produce the buildings [5] . Using wood frames instead of concrete reduces the buildings' production energy use by up to 30%, and there are large potentials for energy recovery at the end of life of the wood-frame buildings [5] . Furthermore, life cycle CO2 emissions of wood-frame buildings is significantly reduced, mainly because the manufacturing of most wood products uses less fossil energy than the manufacturing of other materials, and by-products of wood processing can be used as biofuel to replace fossil fuel, while carbon is stored in wooden materials (sequestration). In addition, a wood-frame building uses a lesser quantity of cement than a concrete-frame building and, therefore, emits less cement reaction-related CO2 emissions [5, 6] . In Växjö city, located in the south of Sweden, two eight-story wood-framed residential buildings (Hus 28 and Hus 30) with the passive house standard were built in 2009 in the Portvakten Söder quarter ( Figure  1 ). The aim of this paper is to compare the monitored specific energy use of the buildings with the projected values [7] , the Swedish building code and the passive house standard for district-heated buildings located in Southern Sweden (Climate Zone III). Energy monitoring is necessary to ensure that actual energy use meets the projections and set standards. Monitoring of some of the low energy building projects in Sweden [8] [9] [10] [11] [12] and internationally [13] [14] [15] showed that actual energy use was higher than projected, but 25%-50% less than that of recent conventional buildings [15] [16] [17] . In a cold climate country like Sweden, passive houses can have a space heating system, at least as a back-up and also to supply hot water. There have been discussions about the environmental implications of installing different heating systems. For example, Gustavsson and Joelsson [18] reported that a traditional house connected to a biomass-based district heating system with combined heat and power (DH-CHP) production has lower primary energy use and CO2 emissions than a passive house with resistance heaters. Several other studies [19] [20] [21] also reported that biomass-based DH-CHPs are associated with low primary energy use and CO2 emission. However, those studies are based on the simulated energy demand of the buildings. We use the monitored energy use data to estimate the primary energy use and CO2 emissions from operating the Portvakten buildings with the existing district heating system. Similar estimations are made for scenarios where the buildings were heated with only bedrock heat pumps, air-source heat pumps or resistance heaters, which are common in the large part of the Swedish building stock.
We also investigated the tenants' views and experiences of the two buildings. If they have negative perceptions or experiences, they may pass that information on to other potential occupants through word-of-mouth [22] , and that may hamper the long-term development of wood-framed passive houses in Sweden. Occupants of passive houses in Lindås in Sweden reported being unhappy with the indoor temperature, as they did not know how to use the ventilation system or how to control the heating system [23] . Other studies have shown that 80% of the tenants of wood frame buildings in the Swedish cities Växjö [24, 25] and Sundsvall [26] liked to live in the wooden buildings. Still, some of them complained about the sound quality of the apartments, and many were unaware that they were moving into a wooden building [26] . There are several international studies that showed that people like to live in wooden buildings, but that they also have negative perceptions concerning the durability, stability, combustibility and acoustic insulation of wooden frames and the sustainability aspect of wood procurement (see [27, 28] for a summary).
Another study similar to ours was conducted in 2010 for one of the Portvakten Söder buildings, and the results were reported in 2013 [29] . However, in 2010, the building was half occupied. Hence, the study used various assumed values to convert the energy use data of the half-occupied building to that of a fullyoccupied building and found that the actual specific energy use would be higher than projected. In 2012, the buildings were fully occupied, which provides a better basis for the energy evaluation, as there is no need to assume the energy use behavior of the tenants. Moreover, we report the energy use for both buildings and additionally estimate the primary energy use and carbon dioxide emissions.
The Buildings
The two passive houses (Hus 28 and Hus 30) are located adjacent to each other in Portvakten Söder, and they are the tallest wood-framed passive houses in Sweden. The technical details of the buildings can be found in Kildsgaard et al. [29] . Both buildings have an identical design of the building's envelope, structure and technical systems. Each building has 32 apartments, but the total heated floor area (Atemp) and the size of the apartments vary (Table 2 ) between the buildings. In each apartment, there is a device to control indoor temperature and a heat exchanger, but there are no conventional radiators. Both buildings are connected to the local biomass-based DH-CHP for hot water and supplementary space heating through the heat exchanger. Each building has a central mechanical ventilation-with-heat recovery system with an efficiency of about 85%. A waste water heat exchanger is installed and located underground between the two buildings. Metering devices are installed in each apartment to measure household electricity, cold water and hot water use, as well as energy loss from hot water circulation. In each building, there is a meter to read the facility's electricity use, but the meter in Hus 30 also records the electricity use of other areas outside the building, such as storage rooms and motor heating. 
Method
Monthly data on purchased electricity for household and facility purposes and thermal energy for space heating and hot water purposes for each building were collected for the calendar year 2012 (January-December) from the building owner Hyresbostäder (now Växjöbostäder). Space heat demand of a building can vary from year to year depending on if it was a cold or a warm year. We have used the "heating degree days (HDD)" method to normalize the impact of such weather variations on the heat demand of the buildings. For a base temperature of 17 °C (used by the Swedish Meteorological and Hydrological Institute), the HDD for Växjö in 2012 was 3544, and that of a normal year (average of 1960-1990) was 3577 [30] . The ratio 1.009 (degree days in a normal year divided by degree days in 2012) is the normalizing factor. The actual energy use for heating a building was multiplied by 1.009 to reach the normal heat demand of the building.
Energy use for hot water was calculated from the volume of hot water used and the energy use of 1.16 kWh to raise the temperature of 1 m 3 of water by 1 °C [29] . We have assumed that in Portvakten Söder, the incoming cold water is first preheated from an annual average temperature of 6 °C-10 °C in the waste water heat exchanger (following citations and measurements by Vändal and Lowentoft [31] ) and then to 57 °C in the heat exchanger connected to the district heating system. Results on energy use for hot water purposes include energy loss from hot water circulation. In a district-heated building, the delivered district heat is metered at the heat exchanger, which is located outside the Portvakten Söder buildings. We have assumed a heat loss of 5% [32] from the heat exchanger and from the heat distribution pipes to deliver the heat to the buildings. Therefore, the final space heating demand of the buildings was calculated to be 95% of the metered value. This estimated final space heating demand of the buildings was used to calculate the specific energy use, primary energy use and CO2 emissions, if the buildings had alternative heating systems, such as resistance heaters, airsource heat pumps or bedrock heat pumps. The electricity needed to fulfil the heat demand would vary with the coefficient of performance (COP) of the heat pumps, which we assumed to vary from 2.86 to 4 (energy saving of 65%-75%) for a bedrock heat pump and 2-3.33 (energy savings of 50%-70%) for an air-source heat pump [33] . The efficiency of resistance heaters is assumed to be 99%.
The details of the district heating system are that of the DH-CHP production plant in Växjö, which generated 619.2 GWh of heat in 2011. The share of different production technologies and their conversion efficiencies are presented in Table 3 . The distribution losses in district heat and electricity supply were assumed to be 13% [34] and 7% [35] , respectively. The fuel cycle losses were assumed to be 1%, 5.5%, 10% and 1.3% for biomass, oil, coal [36] and peat [37] , respectively. A system-wide perspective was applied, and all stages from extraction of raw materials to final energy use were included in the calculation of primary energy use and CO2 emissions from the operation of the buildings. Household electricity use was excluded, as it is not considered in the specific energy use concept. The primary energy values obtained for each type of fuel input to deliver heat (space heating and hot water) and facility electricity were added to obtain the total primary energy use of a building. The primary energy value of each fuel input was multiplied by its carbon content, and the sum was the CO2 emissions from a building. Sweden follows sustainable forest management practices, and therefore, biomass was assumed to be carbon neutral. Peat was considered as a fossil fuel [38] . The CO2 emission factor of peat was assumed to be 0.39 kgCO2/kWh (or 107.3 kgCO2/GJ) following the guidelines of the Swedish Environmental Protection Agency [39] .
CHP plants cogenerate heat and electricity, which creates an allocation issue in estimating primary energy use and CO2 emissions from district heat use only. We have avoided allocation following the recommendation of the International Organization for Standardization [40] . Instead, the subtraction method of systems expansion [41] was used. The primary energy use (or CO2 emission) of the cogenerated electricity, if that electricity were produced in a stand-alone power plant, was deducted from the total primary energy (or CO2 emission) of the CHP plant. We have applied a marginal accounting approach, which considers the marginal changes in the electricity supply system resulting from a unit change in electricity demand [42] [43] [44] . Weidema et al. [1] and the Swedish public investigation on energy efficiency of Swedish buildings [45] suggested that in prospective comparative studies, marginal technologies should be considered, as this gives the best reflection of the actual impact of a decision. We have assumed that, in the short-run, the additional electricity needed (if electric heating systems or heat pumps were installed in the buildings) or the surplus electricity from the CHP plant (existing district heating system) replaced electricity from coal-fired condensing power plants, as they are considered to be the marginal source of electricity in the Nordic countries at present [45] . The conversion efficiency of the coal-fired condensing plant was assumed to be 47% [46] .
A mail-in questionnaire survey of the tenants was conducted to understand their experience of living in the passive houses. The questionnaire included questions about tenants' awareness of the type of building in which they are living, their overall satisfaction with the apartments, the experience of thermal comfort, sound insulation, energy use awareness, energy saving behavior, etc. Questionnaires were delivered to the 64 tenants in May 2013, and we received 20 responses. The low response rate of 31% may influence the reliability of the survey results, and therefore, the results should be used cautiously. Therefore, it was not meaningful to show the results for each building.
Results

Energy Use
A comparative assessment of the energy use of the buildings is presented in Figure 2 . Considering the average of both buildings, the actual total energy use (including household electricity) of 65 kWh/m 2 Even though both buildings have the same technical standard, there were differences in energy use. The actual energy use for space heating in Hus 30 was about 60% higher than its projected value and 50% higher than the actual energy use of Hus 28. Energy use for hot water purposes was rather similar in both buildings. Household electricity use in Hus 30 was about 17% lower than Hus 28. The facility electricity use of Hus 30 is higher than Hus 28, most likely because it includes the electricity use of the other areas. See Section 5 for a discussion of the differences in the energy performance of the buildings. Figure 3 shows that the average specific energy use would have been lower, but the average primary energy use and CO2 emissions would have been higher if the houses had heat pumps or electric resistance heaters. The results for heat pumps varied depending on the COP factor and are reflected in the error bars. The lower end is for a higher COP factor (i.e., lower specific energy use and, therefore, lower primary energy use and emissions) and vice versa. The average primary energy use and CO2 emission was the lowest with biomass-based district heating (DH-CHP), which is the existing heating system in the buildings. 
Implication of Heating Systems
Tenants' Experience
The majority of the 20 respondents mentioned (yes/no option) that they knew that they lived in a passive house (87%) and a wood-framed building (91%). About 95% reported that it was good or very good to live in the apartments. About 65% and 70% reported that the indoor thermal comfort was good or very good in summer and winter, respectively, but a relatively higher percentage thought that it was worse in summer (21%) than in winter (10%). About 22% experienced a stuffy smell indoors, and 30% opened windows daily or several times a week during the winter months. Sound insulation of the wood-frame buildings seems to be acceptable, as 74% of the respondents felt that in general it was quiet or very quiet in their apartments. Still, 40%-60% of respondents felt there were sound problems from adjacent apartment/staircase/elevator or outside traffic/playing children.
About 70% and 80% of the respondents were aware of the quantity of electricity and hot water they used, respectively. However, 50% did not know the cost of energy as a share of their household income (heating, hot water and electricity), and 45% indicated that it was less than 5% of the household income. Furthermore, a higher proportion of the respondents mentioned that it was important/very important for them to reduce electricity and hot water use for environmental reasons (65%) than for cost reasons (44%). Almost 95% applied electricity saving measures, among which the most common was to switch off the appliances and lights when not in use and to use low-energy light bulbs (Figure 4 ). More than 80% of the respondents took some action to reduce hot water use. The most common measures included dishwashing without running water or showering with less hot water.
Figure 4.
Measures taken by the tenants to reduce electricity and hot water use (the sum of percentages does not add to 100%, as it was possible to mark several measures).
Discussion
The actual specific energy use in each of the Portvakten Söder buildings was lower than the FEBY 2012 standard and was less than half of the BBR 2014 requirement. However, the actual specific energy use was higher than projected, which was also found in other passive house projects in Sweden [9] [10] [11] [12] and other countries [13] [14] [15] . Especially, in Hus 30, the space heating demand was 60% higher than projected. A main reason for this could be that the actual household electricity use in both buildings was significantly lower than projected, which likely resulted in lower heat gain from this source, thereby increasing the space heating demand.
The indoor temperature profile could also explain the higher space heating demand of both buildings. In the energy projections, the annual average living area temperature was assumed to be 21 °C, but the actual average temperature during the heating season, October-April ( Figure 5 ), which influences the heat demand, was a similar 21.9 °C in both buildings. From a site visit of the buildings, the authors also felt that the common area temperature might be few degrees Celsius higher than the assumed 15 °C. A one degree higher indoor temperature means about 5% higher energy demand [47] . Figure 5 also shows that there is no appreciable overheating problem. Atemp/year), even though both buildings have the same technical specifications. In the following, we attempt to provide a few possible explanations for this variation, but we are aware that this is insufficient and that a more detailed analysis is needed.
Hus 30 was built first, and the experience might have resulted in the construction of a better airtight Hus 28. This indeed is the case. In the energy projections, the air-tightness of the building envelop of both buildings was assumed to be 0. 20 water separately), respectively. In the Portvakten Söder buildings, they were lower than recommended. Nevertheless, household electricity and hot water use constituted about 38% and 28% of the total actual energy use of the buildings, which is similar to measurements in other passive house projects in Sweden [9] [10] [11] [12] . This suggests that with increased energy efficiency of buildings, greater attention should be given to reducing household electricity and hot water use. It is not enough to have a passive house; the tenant should also have energy saving attitudes and behaviors. About 65% of the respondents mentioned that it was important/very important for them to reduce electricity and hot water use for environmental reasons, which also leads to reduced energy cost. The most common electricity savings measures were to turn off the appliances and lights when not in use and to use low-energy light bulbs. The most common hot water savings measures include dishwashing without running water and showering with less hot water. Previous studies of tenants of passive apartment buildings showed that the tenants were engaged in energy saving behaviors to reduce monthly energy cost [9] . From an environmental point of view and applying the marginal perspective, the existing DH-CHP system in the buildings is the best alternative, as it has the lowest average primary energy use and CO2 emissions. Previous studies [19] [20] [21] also reported that biomass-based DH-CHPs are associated with low primary energy use and CO2 emissions. Alternative heating systems, such as resistance heaters or heat pumps, have lower specific energy use, which is metered and reflects a lower monetary energy cost, but they have greater environmental burdens. Hence, specific energy use is not an appropriate indicator of the environmental performance of the heating systems.
Conclusions
Multi-story wood-framed passive houses are relatively new to Sweden, as well as to Europe. Monitoring of these buildings is useful to showcase if it is possible to build renewable-material-based buildings with low energy use and climatic impact. Our study of the Portvakten Söder buildings shows that it is indeed possible. The specific energy use was lower than projected and that of the recommended passive house standard, and the primary energy use and CO2 emissions were minimum with the existing district heating system. Furthermore, more than 90% of the tenants were satisfied with their apartments (as was found in previous studies on passive houses [9, 16] ), and they took several measures to reduce electricity and hot water use. These suggest that wood-framed multi-story residential buildings built with the passive house standard have good market potential. This is a positive development to contribute to the EPBD directive that all new buildings in the EU Member States be nearly zero-energy buildings by 31 December 2020. Nonetheless, further research is needed to better understand the underlying factors contributing to the variation in the actual versus the projected energy performance of each building, as well as differences in the actual energy performance of both buildings.
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